ABSTRACT
Among the prevalent human genetic disorders, human autosomal dominant polycystic kidney disease is certainly one of the most challenging, both from a clinical and a fundamental perspective. In the recent years, important progress opened novel research avenues to elucidate the genetic basis, the cellular pathophysiologic mechanisms and the molecular function of genes and proteins involved in autosomal dominant polycystic kidney disease.
INTRODUCTION
One of the most common genetically transmitted diseases is the human autosomal dominant polycystic kidney disease (ADPKD). ADPKD is fully penetrant but with variable expression, afflicting one in 500 to 1000 individuals. ADPKD is characterized by the presence of many renal epithelial cysts in all parts of the nephron that affect both kidneys. Typically, the cystic dilatations of tubules and of glomeruli initiates in utero in ADPKD kidneys (1) . Progression of these renal epithelial cysts ultimately modifies and remodels the renal architecture. Consequently, the renal physiologic functions are altered leading to end-stage-renal-failure that accounts for 10% of all individuals requiring renal replacement therapy. This disease has been associated with various extrarenal manifestations such as hepatic cysts and cerebral aneurysm (2) . No prevention or cure exists and at the present time, patients receive only supportive/palliative therapy, long term dialysis and transplantation.
Recent advances in the understanding of the genetic basis of human ADPKD have allowed substantial progress and have established the first step in the quest toward a molecular targeted therapy. In parallel, studies and experimentations on animal models can bypass the limitations inherent to human subject and provide insights into the molecular mechanism and development of ADPKD pathophysiology. The aim of this review is to outline our present state of knowledge on ADPKD.
CURRENT KNOWLEDGE

Pathophysiology: cellular and molecular insights
Several pathophysiologic mechanisms have been proposed to explain the origin of renal cyst formation. One of the most frequent and consistent cellular morphologic findings in ADPKD kidneys is increased proliferation of the renal epithelial cells and as such, is considered a potential pathophysiologic mechanism. Indeed, tubular cell proliferation requires accommodation of an increase cell mass that probably modify the renal parenchyma and could lead to cystogenesis. We and others have showed an increased proliferative index in ADPKD kidneys (3, 4) . Interestingly, the proliferating cells were frequently found in clusters, suggesting a near neighbor phenomena. The proliferative index was markedly elevated in both noncystic and cystic epithelia. As elevated proliferation is detected in non-cystic epithelium, this phenomenon precedes cyst formation and may be a primary event for cystogenesis.
The progressive development of renal cyst lesions correlates with a net influx of fluid. Thus an alteration in trans-epithelial tubular transport could also be another pathogenetic mechanism whereby a normal absorptive epithelium would become a cystic secretory epithelium. Similarly, altered epithelial polarity could cause secretion of fluid associated with development and gradual enlargement of renal cysts. In fact, abnormal polarity of Na,K-ATPase (5) and of CFTR (cystic fibrosis transmembrane receptor) (6) was frequently associated with presence of renal cysts but they do not appear to be a prerequisite for cystogenesis or for the subsequent progressive cyst enlargement.
An alteration in tubular basement membrane has been proposed as a possible pathogenetic mechanism (7). Abnormal spatial arrangement and/or protein composition of the tubular and glomerular basement membrane would be likely to compromise the epithelial tubular environment and could potentially lead to cyst formation. However, these phenotypic modifications are mainly associated with the cystic changes, suggesting that they occur as a secondary phenomenon due to tubular expansion.
We and others have shown evidence for increased apoptosis or programmed cell death in the cystic kidneys from ADPKD patients (4, 8) . The apoptotic index was highly elevated in glomeruli, in cystic and non-cystic tubules. Similar to proliferating cells, apoptotic cells were frequently found in clusters, suggesting a cell-cell or cell-matrix interaction. Our molecular studies on ADPKD fetal and adult kidneys showed high expression of the protooncogene c-myc (4). These studies also indicated that the ADPKD apoptotic mechanism is probably independent of the anti-apoptotic factor Bcl-2 and of the pro-apoptotic factor p53. Apoptosis is unlikely to be the sole cellular pathophysiologic mechanism for ADPKD since the kidneys would rather become hypoplasic instead of enlarged. Nevertheless, the occurrence of apoptosis is probably a crucial process in the remodeling of the renal parenchyma. Importantly, kidney tissues with highest number of apoptotic cells also displayed the highest level of proliferation index which suggest that these mechanisms are interrelated.
All of these cellular processes are not mutually exclusive and in fact, may actually participate into a common interplay within renal tubular cyst formation and progression.
Genetics of human ADPKD
In human, at least two loci have been implicated in the pathogenesis of ADPKD: the PKD1 locus mapped on chromosome 16 (9) and PKD2 on chromosome 4 (10, 11). Evidence for a third locus was provided by the identification of ADPKD patients that are unlinked to both of these loci (12) . Mutations in the PKD1 and PKD2 loci, encoding respectively polycystin-1 and polycystin-2 account for ~95% of ADPKD cases. These two genotypes give rise to similar clinical manifestations but in general, individuals affected by PKD1 mutations have a more severe expression of the disease than those with PKD2 mutations. The mean onset of end-stage renal disease in individuals with mutated PKD1 and PKD2 genes is 53 and 69 years respectively (13) .
A schematic comparison of our present knowledge on PKD1 and PKD2 genes is summarized in figure 1 . The PKD1 gene spans 54kb and contains 46 exons. Approximately two thirds of the PKD1 gene coding sequence located in 16p13.3 is reiterated four times within the proximal 16p13.1 area but contains a unique region at its 3' end. The PKD1 gene encodes a 14kb transcript (14) (15) (16) (17) . As a consequence of the reiteration, 4 additional transcripts have been identified with 97% of similarity to the fully two thirds of the PKD1 5' end coding sequence. It is unknown yet whether the reiterated gene transcripts are translated into protein. Computer sequence analysis of the polycystin-1, revealed that the amino terminal portion of the protein is made up of a mosaic of previously described domains: leucine-rich repeats flanked by cysteinerich structures, an LDL-A domain, a C-type lectin domain, suggesting that these extracellular domains may be involved in protein-protein and protein-carbohydrate interactions (figure 1) (16, 17) . These domains are followed by 16 PKD repeats, an REJ-like domain (receptor egg jelly), 11 transmembrane domains. The first intracellular/ cytoplasmic loop contains a so-called PLAT domain (for polycystin-1, lipoxygenase and alpha toxin) (18) that is conserved in human pancreatic lipase (19) and rabbit 15-lipoxygenase (20) and alpha toxin from Clostridium perfringens (21) . This polycystin-1 PLAT domain could be, by analogy to proteins containing these domains, involved in mediating interactions with other membrane proteins. The last intracellular loop contains at the carboxy terminal, a coiled-coil domain comprised of 5 heptad repeats that may form multimeric protein complex and a potential PEST sequence that could target polycystin-1 for degradation. Based on these predictions, the polycystin-1 protein could act as a cell surface receptor or participate in a large membrane complex that could be involved in cell-cell and/or cell-matrix interactions.
The PKD2 gene spans 68kb and contains 15 exons. The PKD2 gene encodes a 5.4kb transcript (22) . Polycystin-2 is predicted to contain six putative membrane-spanning domains. While the amino-terminal sequence of the protein has no known homology, the latter part of the protein has significant homology with cation channels such as Ca 2+ and Na + voltage-activated channels (VAC) and the transient receptor potential channel (TRPC) subunits (figure 1). The carboxy-terminal region of polycystin-2 contains as polycystin-1, a coiled-coil structure that could be implicated in protein interaction in vivo.
In vitro studies have been carried out to identify possible interacting proteins with polycystin-1 and polycystin-2 through their coiled-coil structure. These experiments described homodimeric interactions of polycystin-1 and of polycystin-2 (23). In addition, the polycystin-1 carboxyterminus interacts with that of polycystin-2, suggesting that both could signal through a common pathway (23, 24) . Interaction of polycystin-1 with other proteins has also been shown for the G protein, RGS7 (25) . The polycystin-2 carboxy terminus has also been shown to associate specifically with the TRPC1 channel (26) . Altogether these polycystin proteins may form heteromultimeric complex involved in modulation of calcium entry in response to G-protein coupled receptor.
Mutations in PKD1 and PKD2 genes
Mutation analysis for the complete PKD1 gene has been hampered by the difficulties in assessing the duplicated region of PKD1. Most of the PKD1 mutations reported to date have been localized to the 3' unique portion of PKD1 (15, (27) (28) (29) (30) . These mutations include frameshifts, nonsense, missense mutations, splicing mutations, deletions. Recently, mutations in the duplicated region of the PKD1 gene have also been identified (31, 32). PKD1 mutations have been described to produce mainly aberrant transcripts but it is not clear whether these mutations result in the absence of protein or in the production of abnormal protein. Large deletions have also been defined that consists of entire deletion of the PKD1 gene and disrupt the TSC2 gene (tuberous sclerosis) immediately adjacent (53 bp) to the PKD1 gene. This form of contiguous deletion results in a severe PKD phenotype with early onset in childhood (33) . At present, most mutations appear unique to an individual family, suggesting a high rate of novel mutations occurring at the PKD1 locus. The occurrence of such an unusual high frequency of mutations would predict particular hot spots within the PKD1 gene which have not yet been defined. Mutation screening in the PKD2 locus has shown that a myriad of alterations can occur over the entire gene. Indeed, missense, nonsense, frameshift, deletions, splicing mutations have been described which are likely to produce a truncated product and inactivate the gene (22, (34) (35) (36) (37) (38) .
In contrast to other genetic diseases, the analysis of PKD1 and PKD2 gene mutations as a tool for prenatal or neonatal diagnosis for ADPKD are technically complicated by the size of the genes and the diversity of mutations. At present, prenatal, neonatal or even adult diagnosis of ADPKD relies on ultrasonography, computed tomography and magnetic resonance imaging of the abdomen to detect renal cysts. The sensitivity of ultrasonography is the preferred method from fetus to adult since it does not require radiation or contrast material, is not invasive and is relatively inexpensive. To increase the probability of accurate diagnosis at young age, the use of genetic linkage analysis to PKD1 and PKD2 genes with DNA probes could complement the phenotypic techniques by identifying individuals at risk of carrying a mutated gene.
Expression of PKD1 and PKD2 genes and proteins
Human PKD1 expression has been undertaken by analysis of RNA and protein. In the kidneys, we and others have shown moderate RNA expression in normal adult kidneys and increased levels (~2-fold) in ADPKD kidneys (4, 39) . Various antibodies have been generated by several research groups to analyze expression of polycystin-1 (39) (40) (41) (42) (43) (44) . Protein expression was detected during normal renal organogenesis and in fetal glomerular and tubular epithelial cells. In adult, expression in normal kidneys decreased and become more localized to the collecting and distal tubules. In contrast, levels of polycystin-1 appeared to increase in end-stage renal cystic epithelia consistent with RNA expression analysis. In addition to the kidneys, polycystin-1 is also expressed in other epithelia for example the liver and pancreatic ducts, and in non-epithelial tissues such as astrocytes. Reports on the subcellular localization of polycystin-1 are somewhat more heterogenous: some of them show localization to membrane-enriched fractions by Western (40, 42) whereas others show mainly cytoplasmic staining (39, 43) . These results can be best explained, if the polycystin-1 protein is continuously recycling within the cell, a process that could be dependent on interaction with cellular and/or extracellular partners.
In human, reports on expression of PKD2 are rather limited. Recently, PKD2 expression have been shown to be similar to PKD1 by immunostaining that is, expressed highly in collecting tubules and moderately in distal tubules of the adult kidneys (45) . In contrast to the increased PKD1 expression in renal cysts affected by PKD1 mutations, Pkd2 expression does not appear increased in renal cysts from ADPKD patients caused by PKD2 mutations. In non-renal tissues, PKD2 appears expressed in a wide variety of different cell types.
Pathogenetic mechanism in ADPKD
As the name implies, ADPKD was initially classified autosomal dominant for genetic transmission of PKD1 and PKD2. At present, the pathogenetic mechanism has been questioned in regards of the mutational process. One hypothetical mechanism, consistent with a dominant mutation, correspond to gene deregulation causing overexpression of the PKD1 gene that could result in a "gain of function" phenotype which is supported by several laboratories (4, (39) (40) (41) (42) . Although the majority of renal cysts were positive for polycystin-1 expression, it has been reported that a significant minority of cysts was negative (40, 45) . Because all cells of the nephrons have inherited the same germ line mutation, it would be expected for a dominant mutation that all nephrons would develop cysts. However, in ADPKD only a proportion of the nephrons acquires tubular cysts, thereby raising questions on the pathogenetic mechanism. Thus, a second hypothetical mechanism of two-hit model was proposed for cystogenesis (46) . On this basis, individual ADPKD renal cysts were analyzed and showed loss of heterozygosity (LOH) for the PKD1 wild type gene (47, 48) , supporting the two-hit theory. A third possibility involves haploinsufficiency or gene dosage effect that cause a reduction in polycystin-1 production and may lead to imbalance protein levels and alter the formation or role of a polycystin complex. The fourth possibility implicates a mutation in the coding sequences leading to the synthesis of a mutated protein that could interfere with the wild type protein such as a dominant negative effect. Although possible among the known mutations, this last possible mechanism is unlikely to explain the entire spectrum of PKD1 mutations. At present, it is difficult to reconcile all of the known data and to propose a straightforward model of pathogenetic mechanism.
As described for the PKD1 gene, similar observations were made for the PKD2 gene. Somatic inactivation of both PKD2 alleles have been shown in renal cysts from human ADPKD patients (49) . However, analysis of ADPKD renal cysts has shown by immunostaining that a majority of cysts expressed polycystin-2 but some cysts lack expression of polycystin-2 (45). These similar findings for PKD2 and PKD1 genes suggest that they may share closely related mechanism of pathogenesis.
Murine Pkd1 and Pkd2 studies
To gain further insights into PKD1 potential function(s), we and others have analyzed the pattern of expression in murine tissues of Pkd1 by in situ hybridization and immunostaining (50) (51) (52) . High levels of expression were revealed as early as the murine morula stage. Murine Pkd1 expression in kidneys was determined by immunostaining and in situ hybridization and showed comparable pattern to PKD1 expression in human fetal to adult kidneys. In addition to pattern observed from human tissues, expression of mouse Pkd1 revealed a strong signal in all neural crest cell derivatives and central nervous system. Striking expression was also observed in the aortic arch, developing cartilage, and in condensing mesenchymal cells (50) . Quantitative analysis has also revealed Pkd1 expression in the lungs and at a higher level than kidney tissue at all ages. While Pkd1 is widely expressed, it showed a unique tissue specificity and developmental expression pattern. Studies on PKD1/Pkd1 gene expression and structural homologies suggest that polycystin-1 could be involved in multiple functions.
Because polycystin-1 is expressed in kidney and other branching epithelial tissues, the role of polycystin-1 in branching morphogenesis was investigated on cultured kidney rudiments (53) . Since Pkd1 contains 16 PKD repeats, these structural features have been the primary targets for the development of potential competitive inhibitors to alter polycystin-1 function. Soluble peptides derived from a consensus sequence of the PKD repeats were generated and interfered with kidney rudiments development by reducing and modifying the normal renal branching pattern.
In the mouse, Pkd2 protein expression was observed from morula to adulthood (54; Guillaume & Trudel, Mech Dev, in press). In the kidneys, Pkd2 adult expression revealed the most intense signal in the distal tubules, a moderate to low signal in proximal and collecting tubules that slightly differed from the human PKD2 report. In extrarenal tissues, expression was detected in some epithelial and non-epithelial structures such as the pituitary, muscle and red blood cells.
In parallel to murine expression studies, mutation/deletion in the Pkd1 and Pkd2 genes were undertaken to determine polycystin essential role. Targeted disruption was carried out on Pkd1 second intracellular loop by deletion of Pkd1 exon 34 that was predicted to result in a frameshift mutation and absence of full-length polycystin-1. The homozygous mice (Pkd1 del34/del34 ) died perinatally with pulmonary hypoplasia, enlarged kidneys and pancreatic cysts ( figure 1) (55) . These studies provided additional evidence that cystogenesis can arise from a two-hit genetic model mechanism. The development of pulmonary hypoplasia in Pkd1 del34/del34 mice, when normally high expression of Pkd1 is observed in fetal and newborn lungs associated with the possible role of Pkd1 in branching morphogenesis, suggests that the role of Pkd1 in lung development is crucial for survival. Of interest the Pkd1 del34/del34 mice showed increased apoptosis, and proliferation as well as elevated c-myc expression, indicating that c-myc can be a molecular target of Pkd1 (56) . In addition, the in-depth study of heterozygous mice Pkd1 +/del34 revealed the presence of renal and liver cysts in 9-14 months old animals ( figure 1) (57) . In addition to a two-hit theory, these findings can support a pathogenetic model involving a reduction in expression from gene dosage or haploinsufficiency that may lead to cyst formation.
To investigate the role of Pkd2 function, two genetargeted disruptions were generated in the mouse as summarized in figure 1 
Animal models of ADPKD
Studies on human genetic diseases such as sickle cell disease have shown that to progress in understanding the physiopathology of a disease and the development of therapeutic strategies, a suitable animal model is required. Hence, animal models of ADPKD have been generated and intensely studied. Initially, chemically-induced models have been produced in rodents using a variety of agents as glucocorticoids (59, 60), which indicate that environmental factors may play a significant role in the development of renal cysts. Several recessive form, spontaneous or targeted disruption, were characterized by the presence of renal cysts in rodents that more closely resembles the autosomal recessive PKD: the cpk "congenital polycystic kidney" associated with high levels of cmyc expression, Bcl-2 -/-, TG737 mut (61) (62) (63) (64) (65) (66) (67) (68) (69) . ADPKD models have also been studied such as the Han:SPRDcy rat model (70, 71) . Renal cystic lesions have also been obtained in transgenic mouse approach e.g. simian virus 40 (SV40) or with the HrasT24 oncogene (72) (73) (74) . Study of these mouse models will provide important insights for the identification of novel proteins involved in the cystogenic pathways and of epistatic modifiers modulating disease severity.
We have generated a transgenic mouse model, SBM, by targeted overexpression of c-myc in renal tubular epithelium which closely resembles human ADPKD (75) All our SBM mice consistently and reproducibly develop severe renal morphological and functional alterations characteristic of PKD and die of renal failure. In SBM mice, tubular and glomerular cysts were detected in utero from E16.5 transgenic fetuses. Extensive glomerular and tubular epithelial hyperplasia and apoptosis were observed in fetal and young transgenic kidneys (76, 77) . Adult SBM mice displayed severe glomerulosclerosis and tubular cysts associated with high levels of cell proliferation/hyperplasia and pronounced apoptosis (78) . Of importance, the proliferative and apoptotic indexes were greater in young transgenic mice with precystic or early cystic changes than in older mice, indicating that these cellular processes precede cystogenesis. Interestingly, proliferation and apoptosis frequently occurred in cell clusters, suggesting a near neighbor phenomena that recalls human ADPKD cellular patho-morphology. These cellular processes observed in SBM and human ADPKD most likely lead to the continued growth and remodeling of renal cysts. Similarities to human ADPKD also extend to the molecular apoptotic process, as PKD pathogenesis in SBM mice involves a novel c-myc-apoptotic pathway independent of both Bcl-2 and p53. SBM mice also demonstrated altered epithelial polarity for Na,K-ATPase and for various cytoskeletal proteins, fodrin, ankyrin, E-cadherin (79) . Typically, SBM macrocysts lost all reactivity to these membrane proteins as well as to tubular segment-specific lectins. This feature is reminiscent of the simultaneous lost of polycystin-1 and polycystin-2 expression observed in human ADPKD renal cysts (45) and suggest that the absence of reactivity may be a feature of advanced renal cysts.
The c-myc deregulation in SBM can confer a dominant form of PKD in mice and clearly demonstrates that c-myc overexpression is a sufficient event to trigger the development of renal cysts. Moreover, the importance of cmyc in PKD development has been demonstrated by several additional findings: 1. increased c-myc expression in the spontaneous cpk mouse with renal cysts (63), 2. increased cmyc expression in the targeted Pkd1 del34/del34 mice (56), 3. the SBM revertant and their progeny characterized by partial deletion of the transgene, showed no evidence of renal disease (80), 4. mice overexpressing another protooncogene, c-fos in renal epithelium do not develop kidney anomalies (78), 5. human ADPKD renal cysts display increased c-myc expression (4) . All of these findings provide compelling evidence for the pertinence of the SBM mouse model.
In SBM and in human ADPKD renal tissues, c-myc expression levels are increased significantly from fetal stage to adulthood, whereas normal c-myc expression is turned off at the onset of terminal differentiation. Expression of c-myc correlates with a concomitant increase in both cell proliferation and apoptosis in cystic renal epithelium, highly reminiscent of the cellular processes occurring during renal organogenesis. Altogether these features support that PKD pathogenesis results from failure to switch out of the renal developmental program.
The similarities between c-myc and polycystin suggest that both proteins are involved in a common signal transduction pathway in both the developing kidney and cystic renal epithelium. Moreover, our present knowledge indicates that c-myc is not only a potential target of Pkd1 as shown by the disruption of the Pkd1 gene in mice but also a critical mediator of cystogenesis as shown by our SBM PKD mouse model.
PERSPECTIVES
Understanding the basis of ADPKD is crucial to the development of therapeutic approaches for abrogating or slowing down the progression of the disease. Although the cloning of PKD1 and PKD2 genes has been quite an endeavor, this was a key primary step. Lessons from other human genetic diseases predict that major challenges are still ahead. Many questions remain to be answered not only on the understanding of the direct role of PKD1 and PKD2 in development of ADPKD but also on the molecular pathogenetic mechanism and on the cascade of intracellular and extracellular events implicated in this disease.
Coordinated studies need to be undertaken that include identification of clinical risk factors e.g. markers of disease severity that could serve as predictor in the management of children, identification of ADPKD molecular pathogenesis, characterization of the polycystin structure and cystogenic function. Systematic and thorough studies are essential to pave the way toward development of rational design for adapted treatment and possibly, for gene therapy in future clinical intervention.
